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The ;uar< =luon Plasma (The ;uar< =luon Plasma (;;==PP))

• The ;CE confinement scale---when the string brea<s---is orderJ

 1/!;CE L1/m"=1.4 fm

• Nith increasing temperature, T, in analogy to increasing ;2,

#s(T) becomes smaller, reducing the binding energy, and the

string tension $(T) becomes smaller, increasing the confinement

radius, effectively screening the  potential

• For  r T 1/! a Uuar< does feel the full color charge but for

r V1/! the Uuar< is free of the potential, effectively deconfined

!"  $% #& ' $ r %  $% #&   e
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The Quar< Gluon ?lasma AThe Quar< Gluon ?lasma AQQGG??BB
C The state should be in chemical AEarticle tyEeB and thermal

eGuilibrium HETI JT

C The maKor Eroblem is to relate the thermodynamic EroEerties,

TemEerature, energy density, entroEy of the QG? or hot nuclear

matter to EroEerties that can be measured in the lab.
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How to discover the @GP-1990-91How to discover the @GP-1990-91

• The Classical road to success in RHI PhysicsK J/! Suppression

• Major background for e! detection is photons and conversions from "0. but more importantly

•Qeed an electron trigger for full J/! detection # RMCal plus electron ID at trigger level.

•High pT "0 and direct $ production and two-particle correlations are the way to measure hard-

scattering  in RHI collisions where jets can not be detected directly---> segmentation of RMCal

must be sufficient to distinguish "0 and direct $ up to 2U GeV/c (also vital for spin)

•Charm measurement via single e! (Discovered by CCRS eYperiment at CRRQ ISR)
• So we designed PHRQIZ to make these measurements
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at BCDEF---J.at BCDEF---J. SteinberGer  SteinberGer HH

I PHENI' is pictures0ue

because it is not your father8s

solenoi: colli:er :etector

I Special purpose :etector

:esigne: an: built to measure

rare %roce((e( involving )e%ton(

an, %-oton( at the -i/-e(t

)umino(itie(.



MJT-Seminar-October 2006 M. J. Tannenbaum 9/68



MJT-Seminar-October 2006 M. J. Tannenbaum 9/68



MJT-Seminar-October 2006 M. J. Tannenbaum 10/68



MJT-%eminar-,ctober 2006 M. J. Tannenbaum 11/69

!"#$%&&'()%"()*+,,-##-+"'()(./-"0)1234)/."
5&%")$+)6')*+,,-##-+"'()(./-"0)1237)/."
!"#$%&&'()%"()8&%")$+)6')*+,,-##-+"'()(./-"0)1237)/."

!"#$%&'('))*))'

&+#"

)$,-./

!"#

$%&!'
())#*+,

!"#$%&
'
%(")*+,

(-./%0"121"*3

4#"/5.1)6./2#%-"#2*.721."/8

("#,/".6%!2*1.2#%(.9,*.2/%(/2:,

(.9,*.2/%(/2:,3

2<<%=,>%!"#2*.?,1,* @A(%B/1,*/2#%!"#2*.?,1,*

0C%D.-"#,

0&BE%-E%!"#2*.?,1,*3!-./012345/0678932374:;!4<32=

@A(%-E%!"#2*.?,1,*3

#27/>?4!"#4#>6@3

;308A60456728604#8-3786>4#>6@3

)$0!0&

(-./%0"121"*3

4#"/5.1)6./2#%-"#2*.721."/8

#B8>4C08BB37

(.9,*.2/%(/2:,3

!e#$

%

!""!"

#$%#&'()*'+),-"

./01"2
2132

/'4

!!

!"
""

:;<C> :;<?@olariBed @-@ :;<C> :;<?@olariBed @-@ collidercollider



!"#$%&'()*+$,-./0&+12334 !51"51#*))&)0*6'172849

:;<=>1?@A&+('&).B:;<=>1?@A&+('&).B



!"#$%&'()*+$,-./0&+12334 !51"51#*))&)0*6'172/49

:;<=>1?@A&+('&).B:;<=>1?@A&+('&).B

!"#$!"#$



!"T$%e'in*+$,c.o0e+12334 !51"51T*nnen0*6'172849

R;<=>1?@pe+i'en.BR;<=>1?@pe+i'en.B

!"#$!"#$



!"#$%&'()*+$,-./0&+12334 !51"51#*))&)0*6'178/4:

!i-stri' trac+in-, /MT-based TOF

T7o ma-netic

di'ole

s'ectrometers

in ;classic<

=i>ed-tar-et

con=i-uration

T/CAs, silicon, calorimeters

Lar-e acce'tance

Cadrons, electrons, muons, 'Dotons

Eare F 'enetratin- 'robes
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What is P)EN,-. PHENIX ( Pioneering High Energy 

Nuclear Interaction eXperiment

A large, multi-purpose nuclear physics experiment at the
Relativistic )eavy-,on Collider (R),C): 1! A ! 197.

For Au+Au: 19 ! "sNN ! 200 MeV LmaxO 2 x 1026 cm-2 s-1

two independent rings ---R p+Au, d+Au, etc.



!"T$%&'()*+$,c./0&+12334 !51"51T*))&)0*6'17894:
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$1c3,a-'%+5,-ac5)*+',X6,-)7,+5

/ lar2e, multi-8ur8ose nuclear 8"ysics e=8eriment at t"e
>elati?istic )ea?y-,on Collider B>),CCD 1! / ! 197.

For /uJ/uD 19 ! "s++ ! 200 MeN !ma=O 2 = 1026 cm-2 s-1

tQo inde8endent rin2s ---R 8J/u, dJ/u, etc.
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Detecting electrons meansDetecting electrons means

detecting all particles@PBCNIFdetecting all particles@PBCNIF

!"#$!%&'()$*$"+,&%-.,

/00$1h3'(&4$-'3156

7315('+.%4

8&-$69(%30
:&30

/;;0)$:<#=$1.-

G !"#$%&'()*+#%,$-.)"'&,/#%#& measures Cnergy of photons and electrons

G reconstructs !0 from 2 photons5 Measures decent Time of Flight 

G hadrons deposit Minimum IoniLation, or higher if they interact

G 0'&-#"#$%&'+-12-&#34,&#-51.6-7$#&#+8'9:-)+;-/)%$<,+*-#+#&*=-,+-!(.)"

G momentum NTOF@charged particle ID

G Bigh Resolution TOF completes the picture giving excellent charged hadron PID

G Clectron and photon energy can be matched to R 1S--No nonlinearity problem
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Detecting electrons meansDetecting electrons means

detecting all particles=PHENIXdetecting all particles=PHENIX

!MC !ner(y / Momentum

/ll c2ar(e4 trac5s

7ac5(roun4

8et si(nal
:eal

/;;ly :<C= cut

• !lectroMa*netic Calorimeter measures Energy of photons and electrons

• reconstructs !0 from 2 photons. Measures decent Time of Flight 

• hadrons deposit Minimum Ionization, or higher if they interact

• For electron 12 re3uire R1C6 7cerenko9: an; matc<in* ener*y in !MCal

• momentum +TOF=charged particle ID

• High Resolution TOF completes the picture giving excellent charged hadron PID

• Electron and photon energy can be matched to < 1%--No nonlinearity problem
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Detecting electrons meansDetecting electrons means

>etecting all particles=PHENIX>etecting all particles=PHENIX

!"# !%&'() * "+,&%-.,

/00 123'(&4 -'3156

7315('+.%4

8&- 69(%30
:&30

/;;0) :<#= 1.-

G !"#$%&'()*+#%,$ .)"'&,/#%#& measures Energy of photons an> electrons

G reconstructs !3 from 2 photons. Measures >ecent #ime of Klight 

G ha>rons >eposit Minimum IonizationM or higher if they interact

G 0'& #"#$%&'+ 12 &#34,&# 51.6 ($#&#+8'9) )+; /)%$<,+* #+#&*= ,+ !(.)"

G momentum N#,K=charge> particle ID

G High Resolution #,K completes the picture giPing eQcellent charge> ha>ron PID

G Electron an> photon energy can be matche> to R 7S$$No nonlinearity problem
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MuTr'

(ICH

PCs

TEC/T($

$C

T/F

11C MV$

3$C/4M$

NTC

FC67

Annotate< =iew--7? Subsystems BCDAnnotate< =iew--7? Subsystems BCD
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!"#$%&'!"#$%&'()*(#(+',-.#&(/01/0()*(#(+',-.#&(/01/0('2',-('2',-(#-((#-(!!33,,,,(4(4566(7'8566(7'8

dnc;/d"!"<0 <700 >or central AuAAu collisions

                 <2.5 >or p-p collisions



!"#$%&'()*+$,-./0&+12334 !51"51#*))&)0*6'17894:

  "un      Year         )pecies    s./2 12e3 4    !5dt             8Tot         p-p E=uivalent   Data )iAe

   0.       2000          Au+Au         .E0          . !b-.           .0M         0.04 pb-.         E TJ

   02    200./2002    Au+Au         200        24 !b-.         .70M          ..0  pb-.       .0 TJ

                     p+p            200     0..L pb-.          E.72        0..L  pb-.              20 TJ

   0E    2002/200E       d+Au         200     2.74 nb-.          L.L2          ...  pb-.        46 TJ

                     p+p            200     0.EL pb-.         6.62          0.EL pb-.              EL TJ

   04    200E/2004    Au+Au         200      24. !b-.         ..L2        .0.0   pb-.       270 TJ

                                Au+Au           62          9 !b-.          LOM         0.E6  pb-.         .0 TJ

   0L    2004/200L    Cu+Cu         200          E nb-.          O.62        ...9   pb-.       .7E TJ

                                Cu+Cu           62     0..9 nb-.          0.62          0.O   pb-.         4O TJ

                                Cu+Cu           22.L    2.7 !b-.            9M         0.0.  pb-.           . TJ

                                    p+p           200       E.O pb-.           OLJ         E.O    pb-.       270 TJ

  06       2006               p+p           200     .0.7 pb-.         2E0J        .0.7   pb-.       E.0 TJ

                                    p+p             62       0.. pb-.          2OJ           0..   pb-.         2L TJ

!!!!!!;6)$71./1;6)$41<*=>6?&1@(>./+A;6)$71./1;6)$41<*=>6?&1@(>./+A
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9H;SICS9H;SICS
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%p*-&.('& %p*-&.('& &;/<6.(/) (= ('p/+.*).&;/<6.(/) (= ('p/+.*).
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%:*-&.('& %:*-&.('& &;/<u.(/) (= (':/+.*).&;/<u.(/) (= (':/+.*).

 !>78?'#@
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%-9&'*.(- :6;:6 -/<<(=(/)%-9&'*.(- :6;:6 -/<<(=(/)
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Collision Centrality >eterminationCollision Centrality >etermination

! !"#$%&'($) s"'",$(-# . /01 -2

3"&143"&1 !-0#$"%

  (!!C$ %!%&'()) &#5 "#"%6) -2

7"%-45"6%"" ,&'-%(1"$"% (#$C)

• 89$%&,$"5 Ncoll &#5 N)art :&s"5 -#

;'&0:"% 1-5"'<

S"#$%&%'()**

+&(%,$,"&-%)

./01

0/2.1

2./201

!outh !lick 'on der Seite &orth

((

MuTr

Mu+D Mu+D

-DC &orth-DC !outh

M0D

Central Ma5net

&or
th

 M
uo

n 
Ma5

ne!outh Muon Ma5net

="%(>?"%&' !"#$%&'
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::char<e=char<e=, E, ET T exhibitABcoul= =etermineD the :uclear EeometryexhibitABcoul= =etermineD the :uclear Eeometry

!e#ine centrality classes. /!0 1s 220

34tract 5 participants. 7la89er mo<el

b

Nc$

%T
%'DC

*BBC

5ch

P?35@A

3B

P?35@A
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:s the energy density high enough@:s the energy density high enough@

P"#$%& (5*+(, -*((,. 

!R2

/0lli3in5 system e;<an3s>

!!" =
!

"#"
!

$#
#

%&'

%(

$ 

% 
& 

' 

( 
) 

?ner5y " t0

Aeam 3irecti0n

<er Cnit

Del0city EE t0 Aeam

#$!%!!"#6!%&'()*3 "1$0 GeV Au+Au,

   -.- %&'()*3 "200 GeV Au+Au,
0ell above predicted transition>

 EMCal EMCal measures measures $$,-,-

2c&0
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9article 9ro;uction9article 9ro;uction
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%emi-:nclusi=e soft particle spectra%emi-:nclusi=e soft particle spectra

!"#$%&'())*+,-!",.()(//01&20
&1345'67898:89;

      AuAAu central (b C 2.6 fm)

,,,,,,,,<=#)0,,,,,,,,>?!

E CpTFG ! C H C p

E 25J (!) to 40J (p) increase

from peripheral to central
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I)cre*:e /; <I)cre*:e /; <==##> ?it@ ce)tr*litB$$r*di*l ;l/?> ?it@ ce)tr*litB$$r*di*l ;l/?

D =# E !# "# m

!tron& radia+ co++ecti.e /+ow 
12i+t324 at /ree5e3o2t6 7"

8
9 # 0;<
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:a+t(-;&1+at(/<$$$()-;6<(=&1a)>1at1h(@h:a+t(-;&1+at(/<$$$()-;6<(=&1a)>1at1h(@h1p1pTT

()-;6<(=&1=<1-&)t+a;(tB$)/th()@1'6-h

C6DC61!<EEF2331G&H

>+a'at(-1I(th1-&)t+a;(tB1=<1pT
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:ow:ow < <TT  =inclusi@eA ratios consistent with=inclusi@eA ratios consistent with

CCThermalCCThermal’’’’$$0ut so are << and e$$0ut so are << and eFF e e$$

G Assume all distrib. described
  by one T and one !4

G 1 ratio (e.g. p/p) determines !/T

G 2nd ratio (e.g. </pi) pro=ides T,!.

G Then predict all other hadronic
yields and ratios
G n.b strangeness not suppressed
!s=1

dA ~ e - (D- ! )/T d3p

p/p ~ e F (DG! )/T/e F(D- ! )/T 
      = e - 2! /T

!
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! Final-state analysis
su--ests ./0C reac4es

t4e p4ase boun8ary

! /a8ron resonance i8eal

-as  (M. <aneta an8 =. >u, 

nucl-e@/0104021 F GM02)

" TC/ J 17L M 10 MeN

"  !O  J   40 M 10 MeN

! PQR/= S 1 TeN
(J. Cleymans an8 <. .e8lic4,

W4ys..eX.C, 60, 0L490[, 1999 )

\attice results

=eutron ]T^.

Phase Diagram from Thermal Fit ofPhase Diagram from Thermal Fit of

particle ratios---DDchemicalparticle ratios---DDchemicalEE

• Ghere is the HIP critical pointJ
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:)(;/.+/<(-1=>??(<.(-@1#+*);A&+;&1B?/C$$*):)(;/.+/<(-1=>??(<.(-@1#+*);A&+;&1B?/C$$*)
D).&+&;.()E1-/'<?(-*.(/)1()1::1-/??(;(/);D).&+&;.()E1-/'<?(-*.(/)1()1::1-/??(;(/);

F G&+H/+'1*1B/6+(&+1I&-/'</;(.(/)1/H1.J&
'/'&).6'1;<*-&1<*+.(-?&1I(;.+(06.(/);1()1.J&1K$L
<?*)&

! A
2
1(;1.J&12)I1J*+'/)(-1B/6+(&+1-/&HH(-(&).1/H1.J&

I(;.+(06.(/)1/H1<*+.(-?&;1C(.J1+&;<&-.1./1.J&1+&*-.(/)1<?*)& !2cos
2
!v

!

"

#

#
atan!!

px

py

F1;<*.(*?1*)(;/.+/<L!1'/'&).6'
*)(;/.+/<L

x

y
z

M&*-.(/)

G?*)&
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:&).+*;(.<1*)=:&).+*;(.<1*)=1>1>##11=&>&)=&)-&1/?1@=&>&)=&)-&1/?1@22

!"#$ &'' ()*
+,-)./0/12-34

!"#$56' ()*

!"#$%&'$()**+,$-*)

more
central !

+ydro
predictions

A1?/;;/BC1&--&).+(-(.<1/?1*;'/)=

A1C*.6+*.&C1?/+1>#1D21E&F8-

6)(=&).(?(&=1-G*+H&=1G*=+/)C
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;&.*(<&=1-/'>*+(?/)1./1@A=+/=A)*'(-?1B(.@;&.*(<&=1-/'>*+(?/)1./1@A=+/=A)*'(-?1B(.@
(=&).(C(&=1>*+.(-<&?$$#@&1>&+C&-.1C<6(=1DEF(=&).(C(&=1>*+.(-<&?$$#@&1>&+C&-.1C<6(=1DEF

%#GH$IHJK2L1318N381D233OF

;.#&*)&AL

IHJ6"L1378N171D2337F
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;2 per =uar> ;s @inetic Anergy per =uar> scaling wor>s for a broad set of particles

! flow and scaling--e;idence for partonic flow due to small ! hadronic cross section

All particles scale in ;2/n All particles scale in ;2/n ;s ;s @A@ATT/n/n

"" constituent =uar>s flow constituent =uar>s flow
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:ar;-%catterin<=:ar;-%catterin<=

Jet >Jet >!!00??

%u@@ression%u@@ression
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;HIC pp spectra ;HIC pp spectra !!s=s=200200 BeC BeC

nicely illustrate hard scattering phenomenologynicely illustrate hard scattering phenomenology

"!
I Bood agreement with NL, pMCN

! this is no surprise for Pold timers’ (like me)

since single particle inclusive spectra were

what proved MCN in the late 1970’s before

jets.

I !"#"$"%&" #($ )*) +%, -*) .-"&/$+
!  "0 measurement in same experiment allows us the study

of nuclear effect with less systematic uncertainties.

!HE$%& (p+p) !,- 91, 241305 (2005)
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;<=>1??1@?&-.+*1;<=>1??1@?&-.+*1!!@A@A2332331B&C1B&C

)(-&DE1(DD6@.+*.&1F*+G1@-*..&+()H1?F&)/'&)/D/HE)(-&DE1(DD6@.+*.&1F*+G1@-*..&+()H1?F&)/'&)/D/HE

"!
I B//G1*H+&&'&).1J(.F1KL,1?M>N

! .F(@1(@1)/1@6+?+(@&1O/+1P/DG1.('&+@Q1RD(S&1'&T

@()-&1@()HD&1?*+.(-D&1()-D6@(U&1@?&-.+*1J&+&

JF*.1?+/U&G1M>N1()1.F&1D*.&1VW83Q@1b&O/+&

X&.@5

I !eference for )*) and p*) spectra
! 1"31'&*@6+&'&).1()1@*'&1&Y?&+('&).1*DD/J@16@1.F&1@.6GE

/O1)6-D&*+1&OO&-.1J(.F1D&@@1@E@.&'*.(-16)-&+.*().(&@5

!"#$%&'()*)+'!,-'./0'12/345'(1445+

)6)

!"#$%&''()

*"&+#, ./01

2$/,3415/6
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;<=> ?? @?&-.+* ;<=> ?? @?&-.+* !!@A@A233233 B&C B&C

)(-&DE (DD6@.+*.& h*+G @-*..&+()H ?h&)/'&)/D/HE)(-&DE (DD6@.+*.& h*+G @-*..&+()H ?h&)/'&)/D/HE

"!
I B//G *H+&&'&). J(.h KL, ?M>N

! .h(@ (@ )/ @6+?+(@& O/+ P/DG .('&+@Q RD(S& '&T

@()-& @()HD& ?*+.(-D& ()-D6@(U& @?&-.+* J&+&

Jh*. ?+/U&G M>N () .h& D*.& VW83Q@ 0&O/+&

X&.@5

I !"#"$"%&"'#($')*)'+%,'-*)'.-"&/$+
!  "3 '&*@6+&'&). () @*'& &x?&+('&). *DD/J@ 6@ .h& @.6GE

/O )6-D&*+ &OO&-. J(.h D&@@ @E@.&'*.(- 6)-&+.*().(&@5

!"#$%&'()*)+'!,-'.10'121845'(1445+

Har$

%catterin+

)6)

Thermally-

shaped .oft

Production
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    !!--A ;<% at A=% >?973B--CarD-%catterinE is pointliIeA ;<% at A=% >?973B--CarD-%catterinE is pointliIe
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;(<=;(<=1p1pTT1()1A@A1-/BB(C(/)C$$$1()1A@A1-/BB(C(/)C$$$!!"#"#1%-aB()<1%-aB()<

v(&E1aB/)<10&a'1aF(C

G1H/+1p/()t$B(I&1p+/-&CC&CJ1t=&1-+/CC1C&-t(/)1()1p@A1/+1A@A

-/BB(C(/)C1-/'pa+&K1t/1p$p1(C1C('pBL1p+/p/+t(/)aB1t/1t=&

+&Bat(v&1)u'0&+1/M1p/CC(0B&1p/()tB(I&1&)-/u)t&+C

!1A1M/+1p@AJ1AA1M/+1A@A1M/+1t=&1t/taB1+at&

!1TAA1t=&1/v&+Bap1()t&<+aB1/M1t=&1)u-B&a+1p+/M(B&

Mu)-t(/)CJ1aC1a1Mu)-t(/)1/M1('pa-t1pa+a'&t&+10

B//I()<1K/E)
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:hat really Happens Aor pBAD R:hat really Happens Aor pBAD RAA > 1H > 1H
The anomalous nuclear enhancement a.k.a. the Cronin eAAect--
due to multiple scattering oA initial nucleons (or constituents)

OPnown since 1975 that 

yields increase as   A!,   ! > 1

OJ.:. Cronin et al.,
Phys. Rev. !"", 3105 (1975)

OY. Antreasyan et al.,
Phys. Rev. !"9, 764 (1979)

! Z1.148!0.010
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!"#$%&o(%)*)%!"#$%&o(%)*)%"+%"+%!!;;<<<<==%1-.%/1%%1-.%/1%0$10$1

!"# ($T ) !
&
2
'

"#
/&$T&!

T"#&
2" $$

/&$T&!

!"#$%&'

()*+,+#&-+).

/&#-)'0
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For ;u<;u at =>IC--strong suppression DFor ;u<;u at =>IC--strong suppression D

          ;u<;u!!!"!#!$p&'(ph&'a+,!!!!!! !!!!!!!!!!!!!-./-.!!!"!#!$0&1t'a+,

!!!!!3&'(ph&'a+!4ata!a5'&&!6&++!6(th!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7t'815!9.pp'&99(81!(1

!!!!!p/p!$4ata!:!p;<=,!90a+&4!>?!T-A!$B08++C,!!!!!!!!!!!!!!!!!!!!!!!!!0&1t'a+!-./-.!08++(9(819
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RRAA AA $$!!00&&  AuAuAuAu(pp 200+e-(pp 200+e-

11;(<=1;(<=1>>##11%6>>+&??(/)1@A*.1@+/'181./1B3%6>>+&??(/)1@A*.1@+/'181./1B31C&D1C&D/-1E/-1E

 FGH1IBJ13K283B1L2338M

TA$ %c'l)n+--c.ll

/'01)c)2'n1 %c'l)n+--2'01

3'c1.0 4

R"" !
#ield"u"u (pT)

!T"-""u"u #$ pp(pT)

.arge suppression in central

AuAu - close to participant

scaling at high PT

Peripheral AuAu - consistent

with Ncoll scaling $large

systematic error&



!"#$%&'()*+$,-./0&+12334 !51"51#*))&)0*6'177849

:6):6)$;<1:=>?1=&*@A()&1B&CD1$;<1:=>?1=&*@A()&1B&CD1EE11"*)6*+F1"*)6*+F123322332

#=G1'*H/+1#=G1'*H/+1@(D-/I&+F1*.1@(D-/I&+F1*.1:=>?1:=>?1JJD/1D/1K*+LK*+L

!"#$%&

First obser*ation of lar/e suppression of hi/h pT hadron yields
!!"&.1M6&)-N()OPPQ1RR11M6*+S1TA6/)1UA*D'*Q

!"#$%&  U:V199W1322X3;1J2332L



!"#$%&'()*+$,-./0&+ 2334 !5 "5 #*))&)0*6' 7894:

;<=> ;6) 2 ;<=> ;6) 2 !!?@233?@233 A&B A&BC >/'D+&h&)?(F&  C >/'D+&h&)?(F&  ""33  G*.*G*.* F? F?

-&).+*H(.I () J6KJ6 K -&).+*H(.I () J6KJ6 K ""33 +&L&+&)-& ()  +&L&+&)-& () D$DD$D

!"#!" %"&'#(x*+,+-+..   !"#$% '()% *(++(,$  /0- ./01.2 30..14

!
"#
$%
&
'(
$)

!"#$%&'()**+,-
!.('69/'012940
560027
89:*;<=>010?00@

 

#$%N'(
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%u::ression< Final %tate ?@@ectA%u::ression< Final %tate ?@@ectA

B !adronic absor,tion o. .ra/ments2

! Callmeister, et al. PRC67,044905K200LM

! FraNments @ormeO insiOe PaOronic meOium

B Parton recombination 4u, to moderate ,T7

! Fries, Muller, NonaRa, Sass nucl-tP/0L01078

! Lin V Wo, PRL89,202L02K2002M

B 8ner/y loss o. ,artons in dense matter

! Cyulassy, YanN, Zite[, Saier, YieOemann\

%ee nucl-tP/0L02077 @or a re[ie].

1AuAuR



MJT-Seminar-,ctober 2006 M. J. Tannenbaum 47/68

Alternati=e> Initial EffectsAlternati=e> Initial Effects

• !luon Saturation

! (color glass condensate2 C!C)

     Da=e function of loE F Gluons o=erlapI the self-couplinG

Gluons fuse, saturatinG the density of Gluons in the initial

state.

      !"#$% '() *+")$,-

hep-ph/0212316I P. QharRee=, E. Se=in, M. Nardi

• Multiple elastic scatterings

    (Cronin effect)

DanG, Qopelio=ich, Se=ai, Accardi

• Nuclear shadowing

!"!gg"g

D.#har'eev et al., PLB 561 (2003) 93

! u!roade' )T
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!

!

g

;

!

;

2""4$$%irect ,hotons in 12+12 2"" 2""4$$%irect ,hotons in 12+12 2"" GeVGeV6 7ollo9 :6 7ollo9 :1;1;

scaling 7rom p$p 7or all centralities$no s2ppressionscaling 7rom p$p 7or all centralities$no s2ppression
• !"#$%&'()*&*+'(#*,-%&"*+'"+'.-/.-'(122'%$+&#12"&"$34'%*+3"3&$+&'56'78.9:
3%12$,;'(<=!>'?#*@$3'&)1&'"+"&"12'3&1&$'.-'3&#-%&-#$'A-+%&"*+'"3'3"B(2C'1
3-($#(*3"&"*+'*A'(:('3&#-%&-#$'A-+%&"*+3'"+%2-,"+D'D(E4>

!R#94$%&'&'()%*&((+,
-./01234(+('(('

• *-&D*"+D'!"#$%&'()*&*+3'-+1AA$%&$,'FC

'<=!'B$,"-B'"+'.-/.-'"'#0

suppression is +e,iu+ e--ect
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; N=O-p?CA calculation

! Private communication with G5Hogelsang

! CTE?4M PAL5

! direct photon N Oragmentation photon

! Set PenormaliQation scale

    and OactoriQation scale pT92,pT,2pT

! The theory calculation sho1s a

good  agreement 1ith our result

! 5on6irms use o6 theoretical result as

Au8Au comparison

! :pens the 1ay 6or measurement o6

gluon spin structure 6unction 6rom A;;

<Subtraction?

Airect-Airect-!! measurement in  measurement in   ""ssS233S233 TeH  TeH p-pp-p
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: T;is one fi>ure encodes

ri>orous control of systematics

: in four different measurements over

many orders of ma>nitude

CDEC G;ysics is Grecision %cienceCDEC G;ysics is Grecision %cience

!en$ra'
(!)''*+*,-.*!*,/

!! !!
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;irect ! are not suppressed5 "3 and # suppressed even at high pT

B'plies a strong 'ediu' effect Eenergy lossG since ! not affected5 

Suppression is flat at high pT5 Are data flatter than theoryI

Status of RStatus of RAAAA in  in AuAu AuAu at at $$ssNNNNLL233 233 GeNGeN
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:;<6= >/).+/? @AB&+('&). ./ B+/C& .D&:;<6= >/).+/? @AB&+('&). ./ B+/C& .D&

<6;<6 :(E-/C&+F<6;<6 :(E-/C&+F

G #D& H>/?/+ I?*EE >/):&)E*.&J '/:&? B+&:(-.E .D& E6BB+&EE(/) () !ot$ Au+Au and d+Au K:6& ./ .D& ()(.(*?
E.*.& &LL&-.M5

G T$e d+Au e.periment tells us t$at t$e o!ser5ed $adron suppression at $ig$ pT central Au+A is a 8inal
state e88ect9

G #D(E :(*N+*' *?E/ &AB?*()E ODF O& -*)P. '&*E6+& Q&.E :(+&-.?F () <6;<6 -&).+*? -/??(E(/)E= *?? )6-?&/)E
B*+.(-(B*.& E/ -D*+N&: '6?.(B?(-(.F (E R200 .('&E ?*+N&+ .D*) * B$B -/??(E(/)! S00 I&T () E.*):*+: Q&. -/)&5

Au+Au d+Au

!"#$%&"'(&)*'!"+$,"-.&"&(./("'(&)*'

0.),)-%"1,-,(

233(#,/"4.%5

0.),)-%"6"7).-%

1,-,("233(#,/
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Cronin e<<ect obser>e? in ?@Au at BCDCCronin e<<ect obser>e? in ?@Au at BCDC

!!ssEEEEF200F200 GeH GeH, con<irms J is a Koo? >ariable, con<irms J is a Koo? >ariable

TMis lea?s to our secon? NBO co>er, our <irstTMis lea?s to our secon? NBO co>er, our <irst

beinK tMe oriKinal Au@Au ?isco>erybeinK tMe oriKinal Au@Au ?isco>ery
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Cronin e<<ect obser>ed in d+Au at BHICCronin e<<ect obser>ed in d+Au at BHIC

!!ssNNNNF233F233 GeH GeHI con<irms x is a good >ariableI con<irms x is a good >ariable

This leads to our second NBO co>erI our <irstThis leads to our second NBO co>erI our <irst

being the original Au+Au disco>erybeing the original Au+Au disco>ery
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#;&/+&.(-*<1=)>&+?.*)>()@A$$.;&1B())&+1(?C#;&/+&.(-*<1=)>&+?.*)>()@A$$.;&1B())&+1(?C
D/.;

! E6$E61?6FF+&??(/)1!"# Vite) and -# Gyulassy3 4e56547828:;8:<

! >$E61&);*)-&'&). !"# Vite)3 nu=l6t4783828821<

6)>&+?.//>1()1*)1*FF+/*-;1.;*.1-/'0()&?1'6<.(F<&1?-*..&+()@1B(.;1*0?/+F.(/)1()1a #ense

partonic me#ium

!1,6+

;(@;1F#1F+/0&?

;*G&10&&)

-*<(0+*.&>

*)>1*+&1)/B

0&()@16?&>1./

&HF</+&1.;&

F+&-(?&1F+/F&+.(&?

/I1.;&1'&>(6'
Au-Au

d-Au

%&&1)6-<$.;93J323KK1I/+1*1+&G(&B511
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%6::+&;;(/)1(;1*1<()*=1%.*.&1!&>(6'1?@@&-.%6::+&;;(/)1(;1*1<()*=1%.*.&1!&>(6'1?@@&-.

A !ner%y loss o+ p-rtons in dense 1-tter--3 1edi41 e++ect

predicted in QCD---!ner%y loss by colored p-rton in 1edi41

co1posed o+ 4nscreened color c:-r%es wit: t:er1-l 1-ss ! by

%l4on bre1sstr-:l4n%--L=> r-di-tion-o+ %l4ons

! BC6=*;;CD1E*)FD1G(.&HD1I*(&+D1E(&>&'*))J

%&&1)6-=$.K80L020MM1@/+1*1+&H(&N5

! 1I*(&+D1O/P;K(.Q&+D1!6&==&+D1R&(F)&D1%K(@@D1SRIT8LD12UVWVUUMXD1RYILT7D12MMWVUU7XD1I*(&+
K&:$:K8020U0L8D

A1<+/'1G(.&H1)6-=$.K80T0T072Z

!I[1"1!\V71B&G8@'
L\V01]1=*+F&+

6);-+&&)&>1-/=/+1-K*+F&1>&);(.C

.K*)1()1*1)6-=&/)
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:a(&+:a(&+;1&.1a<=1%-+&&)&>1?/6</'01@/.&).(a<;1&.1a<=1%-+&&)&>1?/6</'01@/.&).(a<

!"#=1!"#=1!!221@<aAB1+/<&1/f1@<aAB1+/<&1/f11!!'()'()

!!!

!D13571E&F8-DG835H1f'
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,)&1B(<1=+*>&$b6.1?(@&1/f1*1)6-B&/),)&1B(<1=+*>&$b6.1?(@&1/f1*1)6-B&/)

!"!1CD1$1&$!+E9!+

F&>51G+/<51GHI?51!31C2333E1D7DD

35:f'D54f'
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C;arm <ia direct sin?le e in A-A collisionsC;arm <ia direct sin?le e in A-A collisions

BCDEFG ;eA-eH/06090J0
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Prod6-tion o= ->ar' i? Prod6-tion o= ->ar' i? @ointliB& @ointliB& b6t b6t @@##

?@&-tr6' ?>oC? ?6@@r&??ion?@&-tr6' ?>oC? ?6@@r&??ion

D ->ar' yi&ld d&t&r'in&d =ro'

?inFl& &l&-tron ?@&-tr6'

! ->ar' d&-ay do'inant ?o6r-& o=

int&r'&diat& @
#

 &l&-tron?

PGH 8IJ 3:2K3L M2337N

D    not only O&ry >iF> @# b6t al?o

O&ry >&aOy P6arB? lo?& tr&'&ndo6?

&n&rFy tryinF to &?-a@& ?y?t&'Q O&ry

o@aP6&
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"et19:y<i-<1"et19:y<i-<1==>et<1i)>et<1i)1?6?611?6?61@@AiBBi-6CtAiBBi-6CtDD$$06t$$06t

!"#$%&'()'*'+(),+)-- ./00,1,/+
      !"#$)#2+#2)./00,1,/+

High pT particle

!"!

High pT particle

#$"#$
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STAR--A<ay jet is suppressed--STAR--A<ay jet is suppressed--
consistent <ith energy lossconsistent <ith energy loss

!S#$#%&'(''))&*+,,#*--'.(*&+%$#'/0.T02'3#45%

''''''''''''60'.T
(778%'0'/'3#45%

!"a$

797&:'#**8*

nucl-eE-0F01009

PRL95, 1F2301 (200F)
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%#:;$$:<*=1>&.1(?1?6@@+&??&A$$%#:;$$:<*=1>&.1(?1?6@@+&??&A$$
-/)?(?.&).1<(.B1&)&+C=1D/??-/)?(?.&).1<(.B1&)&+C=1D/??

!Select a  ))trigger-- particle 4<pT<6 GeV/c

            2< pT
assoc < 4 GeV/c

!"#$

syst. error

)6-D$&E$3531339

H;I!"J1152K311L2335M
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STAR--Away jet is suppressed--STAR--Away jet is suppressed--
consistent with energy lossconsistent with energy loss

!"#$#%& (  ))&*+,,#*-- .(*&+%$# /0.102 3#45%

            60 .1
(778% 0 / 3#45%

!"#$

797&: #**8*

nucl-eE-0501009

PRL!", 152301 (2005)



!"#$%&'()*+$,-./0&+ 2334 !5 "5 #*))&)0*6' 47849

%#:;$$:<*= >&. (? ?6@@+&??&A$$%#:;$$:<*= >&. (? ?6@@+&??&A$$
-/)?(?.&). <(.h &)&+C= D/??-/)?(?.&). <(.h &)&+C= D/??

!"#$#%& (  ))&*+,,#*-- .(*&+%$# /0.102 3#45%

            60 .1
(778% 0 / 3#45%

!"#$

797&: #**8*

)6-D$&x$3F3733G

H;I95J 7F2K37 L233FM
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 9':;(&< .h*. > 9':;(&< .h*. >22 : :##? 2? 2 @&A @&A7- (< B6& ./7- (< B6& ./
*)(</.+/:(- &)&+CD ;/<<  EF?2G'H*)(</.+/:(- &)&+CD ;/<<  EF?2G'H

IJEL9M I+&;('()*+D

!
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:/0/;< 0&=(&>&? .@*. >:/0/;< 0&=(&>&? .@*. >22 A A##B2B2 C&D C&D8- (? &).(+&=<8- (? &).(+&=<
;6& ./ @<;+/ A+&??6+&$$A&+E&-. E=6(; FGH;6& ./ @<;+/ A+&??6+&$$A&+E&-. E=6(; FGH

%#IJ$KJL$)6-=$&M83N3O377

P5#&*)&<Q

KJL!"Q 37NOR7 F2337H
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"8"8!! %6::+&;;(/) %6::+&;;(/)

<=>3 ?@! #$$A 29 B2333C$?0?0

D&:$&E83F3F3>2GF33$233H &I&).;

?JK<LM

:$:GN&O H

?JK<LM

=6=6 3$23P

N&O F33

!"#$%&'(! )*'!+,%(*+&
Q6) 4 233R&S :T:

L)I*+(*). !*;; BR&S8-2C
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J/J/!! Suppression Suppression

<=50 ?L! #$$, 28 B2000C-?b?b

hep-eE/0101052~100-200H eIents

?HE<IM

p-p~few H

?HE<IM

=u=u 0-20P

few 100

!"#$%&'(! )*'!+,%(*+&
Run 6 200GeV pTp

InIariant Mass BGeV/c2C
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"8"8!!1:/1;/)<&+1.=&1>/;?$%.*)?*+?@1:/1;/)<&+1.=&1>/;?$%.*)?*+?@

A
B
B

0.60

0.30

!A50-CER!
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9 Compare to

models which fit

NC50 results.
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: Many new

=>planations.

: ,ne e>ampleB

Crandchamp, Gapp,

HrownI JGL 92,

212301 O2003P

!In-media dissolution

!Jlus regeneration

from

Toff-diagonalU  c-

cbar pairs
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9o)c:usio)s9o)c:usio)s

< t=e )uc:ear 'atter pro?uce? i) ce)tra: @uA@u co::isio)s at RHI9

appears to 0e a )ear:E perFect GuarH$g:uo) J:iGui?J i)stea? oF

0e=aKi)g :iHe a gas oF Free GuarHs a)? g:uo)s.

< No sig)s oF a rapi? p=ase tra)sitio) =aKe 0ee) see)$$$co)siste)t

Mit= :atest i?eas t=at tra)sitio) is a cross$oKer at RHI9 e)ergies.

< T=e 'e?iu' at RHI9 is c=aracteriNe? 0E KerE =ig= e)ergE

?e)sities, ?e)sitE oF u)scree)e? co:or c=arges te) ti'es t=at oF a

)uc:eo), :arge cross sectio)s For t=e i)teractio) 0etMee) stro)g:E

i)teracti)g partic:es, stro)g co::ectiKe F:oM M=ic= i'p:ies ear:E

t=er'a:iNatio).

< T=is state oF 'atter is )ot ?escri0a0:e i) ter's oF or?i)arE co:or$

)eutra: =a?ro)s, 0ecause t=ere is )o H)oM) se:F$co)siste)t t=eorE

oF 'atter co'pose? oF or?i)arE =a?ro)s at t=e 'easure? ?e)sities.
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:ut there is more:ut there is more
= Hydro totally Bails Bor :ose-Einstein DHanbury-:rown TwissFDGGLPF

correlations5

= In the range 2 L pT L N5O GeP8c baryons are not suppressed5 This has

spawned a whole new idea called Recombination, which so Bar Bails to

eSplain same associated Tet correlations Bor p and ! triggers5

= "8Psi measurements in p-p collisions are consistent with total cross

section measurements at lower "s, but AuVAu measurements eShibit

the same suppression as at CERN, not more as eSpected5 Is it

recombination?

= Test whether the LPM energy loss Bormalism is correct in detail De5g5

Light vs heavy [uarks?F IB correct, can measure properties oB medium5

= Charm [uarks Blow and are suppressed5 ]o "8Psi Blow? 555555
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Lattice <auge Predictions-Lattice <auge Predictions-CharmoniumCharmonium



!"#$%&'()*+$,-./0&+12334 !51"51#*))&)0*6'172849

:1;12

:<2

:1=12

>
?
8@
1>
@

!"#

A)-B6C(D&A)-B6C(D&1:1:##11C:&-.+*1*+&1E*''*1F(C.+(06.(/)CC:&-.+*1*+&1E*''*1F(C.+(06.(/)C
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1;+&1.<&+&1=>6-.6*.(/)?10&@/)A1+*)A/'B1;+&1.<&+&1=>6-.6*.(/)?10&@/)A1+*)A/'B

CDE&).$0@$&E&).1*E&+*F&1G#1H!G#I1(?1->/?&>@

+&>*.&A1./1D#
C1-/'G*+&1J*.*1./1!(K&A1&E&).?

=/+1+*)A/'5

C1A&E(*.(/)1&KG+&??&A1*?L

MG#N1!!G#A*.*191!!G#'(K&A1$O11P1=&Q1R

C1A6&1./1S&.?1?&&1TUV1!"W13X283OH3YI
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 Are t<ere =luctuations be@onA ranAomB Are t<ere =luctuations be@onA ranAomB

CDEent-b@-eEent aEeraFe pT HMpTI is closel@

relateA to DT
C compare Jata to MiKeA eEents

=or ranAom.

C AeEiation eKpresseA asL

MpTN !MpTAata / !MpTmiKeA -1  P =ew R

C Aue to Sets see PRL !", 092301H0YI
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What e-by-e tells you that you donWhat e-by-e tells you that you donAAtt
learn from the inclusive averagelearn from the inclusive average

E e-by-e averages separate classes of events with different

average properties, for instance 17J of events could be all

kaons, and 83J all pions---see C. Roland OM2008, e-by-e P/!
consistent with random.

E Q nice eRample I like is by R. Porus, et al, TRC !", 0U8908 W2008XY

The temperature TZ1/b varies event by event with "T# and $T.



!"#-%&'()*+-,-./0&+ 2004 !5 "5 #*))&)0*u' 7894:

A<<u'()= *>> ?>u-.u*.(/)< *+& ?+/' A<<u'()= *>> ?>u-.u*.(/)< *+& ?+/' !!##99""####
@&+A <'*>> *)B +&>*.(C&>A -/)<.*). D(.E @&+A <'*>> *)B +&>*.(C&>A -/)<.*). D(.E $$<<FFFF

!
#
9"

#
#

GHIH% .*0u>*.(/)

J5%*K/L &. *>L "MN

30L %P37P Q0RS

TE&+& (< .E&

-+(.(-*> U/().V
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Cross section Cross section <s <s Rapidity ApBpC-eBe- and Rapidity ApBpC-eBe- and !!BB!!--

!"#!$%&

'())*+!!,-

'.))*+//,

!!"#"$%%"&'(

!"L 96, 01230, -2006.

01234356
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:r/;;1;e-.(/n1:r/;;1;e-.(/n1<;1<;1=a>(?(.y1A>B>C$eBe$1an?1=a>(?(.y1A>B>C$eBe$1an?1!!BB!!$$

!"#!$s&

'()) +!!,-

'.)) +ee,

!! # 200 &'(

P"# %6, 012304 -2006.

0a23d3t6
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Cross section Cross section <s <s =apidit@ ApBpC-eBe- and =apidit@ ApBpC-eBe- and !!BB!!--

D Eood aFreement witH

PJTHIM sHape

D THese are =un-3 data

D =un-OP Q R 10

D =un-6P

Q =un-O toda@,

eRpected to

double

!"#!$%&

'())*+!!,-

'1))*+//,

!s # 200 &e(

!"#$%&'$(123(,$-2((&.

01234356
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p+p Reference is consistentp+p Reference is consistent

! Consistent

with trend of

world’s data

! ~Consistent

with at least

one COM

(Color Octet

Model)

calculation

Phys. Rev. Lett. 96, 012304 (2006). 
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NotNot  %6pp+e;;(n< t=e "9  %6pp+e;;(n< t=e "9! (!)! (!)
> ?a+;c=@ ?=a+AeeB@

%atAC

=ep$p=90D122FG H

!Ia;eJ /n

KLMN

+e;6Ot;

;6<<e;t(n<

#
"9!

 P 2 #M

!%6pp+e;;(/n

Q/nORS /T

" U  anJ #
M

!%ee taOVQ;S

t/ T/OO/W
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!"#!"#  Suppressing the J/  Suppressing the J/!!"#$!!"#$
• Karsch, Kharzeev,

Satz;

hep-ph/0512239 :

!Based on

LQCD

results

suggesting

T
J/!

 ~ 2 TC

!Suppression

(only) of

" ’  and #
C

!See talk(s)

to follow
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RHIC Cold Eff 3mb

RHIC Cold Nuc Eff 1mb

SPS !
abs

 = 4.18 mb
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Inclusive invariant Inclusive invariant !!00 spectrum is power law spectrum is power law

for for ppTT""3 3 AeBAeB/c nC7.1/c nC7.1!!0.1 in pEp and AuEAu0.1 in pEp and AuEAu

!"#$%&'()*+,-,#&.,*/(0&#.*'

R"A !
d
!
N"A

!
/dpTdydN"A

inel" #
T"A " d

!# pp

!
/dpTdy" #

R"A !
d
2
N"A

!
/dpTdydN"A

inel" #
Ncoll

" pp

inel # d
2" pp

!
/dpTdy" #

#s""#200 'e)
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Inclusive invariant Inclusive invariant !!00 spectrum is power law spectrum is power law

for for ppTT""3 3 AeBAeB/c n=8.1/c n=8.1!!0.1 in p+p and Au+Au0.1 in p+p and Au+Au

!"#$%&' )*+,-,#&.,*/ 0&#.*'

!"A !
d
!
%"A

!
"dpTd(d%"A

ine," #
T"A " d

!# pp

!
"dpTd(" #

RB# !
d
!
%B#

!
"dpTdyd%B#

inel" #
%coll

" pp

inel # d
!" pp

!
"dpTdy" #

Impossible to distinguish reduction in

the number of partons (due to e.g.

stopping in medium) from fractional

downshift in spectrum (due to e.g.

energy loss of parton in medium)

#!""#$%%&'()
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::AAAA< < !!33 and non$identi>ied charged are di>>erent and non$identi>ied charged are di>>erent

Au Au "sNN=200 Gev-run 4

Aoes either obey DCAF  Ge tried xT scaling AuAu 233 c> 8J3 GeL
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S#A: ;<=>?@ d(B*C+&&'&). /) -D*+'S#A: ;<=>?@ d(B*C+&&'&). /) -D*+'

A+& .D& &E&-.+/)B +&*EEF )/)-pD/./)(-HA+& .D& &E&-.+/)B +&*EEF )/)-pD/./)(-H
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R-; R-; o< =aryons @ mesons 0e-ome eAualo< =aryons @ mesons 0e-ome eAual
CC!!<raDmentationE <or<raDmentationE <or ; ;TTF4F4 GeV GeV9- at 233 9- at 233 GeVGeV

ST#$-Jana *+e-.+/o1a Har4 5robes 2006

I Jn aDreement KitL
re-om0ination ;redi-tions

I =alan-e 0etKeen
re-om0ination and
<raDmentation sLould
0e di<<erent at NOC

I Very im;ortant to
measure at NOC$$needs
;id oQer a larDe ;T ranDe

I OKa @ RanD nu-l$
tL93433353 ;redi-t p9"TU3
out to ;TT23 GeV9- at NOC
due to re-om0ination o<
;artons <rom tLe many Vets
;rodu-ed! p LaQe no
asso-iated Vet stru-ture WW
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